The City of London experienced significant surface and basement flooding in 2000 resulting in some 800 complaints across the City. The most significant flooding occurred in the White Oaks area of the City. In response, the City established a Task Force and initiated investigative assessments, flow monitoring, modeling, design and construction activities to address. A number of non-structural and structural public and private side alternatives were reviewed and assessed from a cost versus benefit perspective, along with related political or other implementation requirements, to arrive at the most cost-effective and expeditious solutions.
INTRODUCTION
Rainfall events in April, June and September of 2000 representing 1:5 to 1:25 storm events as per Atmospheric Environmental Services (AES) information, resulted in severe surface and basement flooding in various portions of the City of London generating approximately 800 complaints. The most severely impacted areas of the City were the White Oaks and Westminster areas, served by the Dingman Sanitary Pumping Station (PS), and areas downstream in the Berkshire/Gordon area of the City to which the Dingman PS forcemain outlets, prior to reaching the Greenway Pollution Control Plant for treatment. (See Figure 1) .
In response, a Task Force was struck by London's City Council to expedite assessment, design and construction activities to mitigate the basement flooding that occurred. The Task Force was comprised of City staff and Council members. Our paper outlines the activities undertaken to address basement flooding in one of the most severely impacted areas.
OBJECTIVES
The objectives to be met by the work completed included:
1. Identifying and confirming the specific homes and roadways impacted in the White Oaks, Westminster and Berkshire/Gordon areas. 2. Identifying the nature of the flooding that occurred (i.e., surface and/or basement related). 3. Undertaking field investigations, interviews, dye testing and flow monitoring to confirm the above, and identify cause and effect. 4. Undertaking dynamic hydraulic modeling to confirm the above results, assist in the development of solutions and quantify their ability to address the flooding that occurred, and to what extent. 5. Identify the cost vs. benefit of the solutions identified and determine to what extent protection could be provided under various storm event conditions. 6. Determine the ability of any solution proposed to address this problem with other initiatives in the area. These initiatives included: · Sanitary Sewer Overflows (SSO's) at the Dingman Sanitary Pumping Station (PS), forcemain capacity and age concerns resulting in the implementation of a proposed SSO/emergency storage facility near the pumping station to allow for the forcemain's break and repair; · Working with stormwater management efforts in the area to reduce surface flooding and/or sanitary surcharge contributions; · Addressing downstream hydrogen sulphide concerns in the outlet sewer for the Dingman PS forcemain; and · Addressing downstream flooding concerns in the Gordon trunk sanitary sewer system. 7. Completing Value Engineering to address the above and confirm the specific works to be implemented to address the primary objective (i.e., basement flooding mitigation), and the secondary objectives outlined herein. 8. Implementation of these works in an expedited time frame to provide relief to area residents.
METHODOLOGY
To address the objectives outlined, work activities were completed involving three different consultants, led by Earth Tech Canada Inc. These activities included:
· Hydrogen sulphide investigations with respect to its creation at the Dingman PS, within the forcemain and/or downstream in the Gordon trunk sanitary sewer, related impacts on these components, and the mitigation measures needed to address; and · Planning, design and construction for storage works to reduce SSO's to the Dingman Creek and provide emergency storage in the event of a break of the single forcemain from the Dingman PS.
As these works were completed by other consultants, Earth Tech was retained to initially undertake flooding assessments based on available information in the White Oaks, Westminster, and Berkshire/Gordon areas. Using available flow monitoring, recorded complaint, as-built drawing and modeling information, the general areas of impact were identified, its nature (surface and/or basement flooding) was identified, and a number of structural/non-structural and private/public side remediation measures were identified and assessed from an advantage/disadvantage perspective. These were screened to those that could be effective subject to further investigation, modeling, planning, assessment and design activities being completed to determine which could best address surface and/or basement flooding in each area. The data was also used to calibrate hydraulic modeling. The XP-SWMM model was used for I/I identification, assessment and solution determination and confirmation purposes. XP-SWMM is a dynamic hydraulic model capable of simulating both dry weather loading and infiltration/inflow resulting from rainfall events. XP-SWMM was selected for modeling due to its input/output display capability and ease of use for data entry and model output presentation purposes. XP-SWMM is also compatible with the City's ARCINFO/GIS allowing for a cleaner exchange of information.
The XP-SWMM is based on the SWMM model developed by the U.S. Environmental Protection Agency. As such, it was possible to set the model up to use input data from previous modeling performed in the City which was also based on the SWMM model (RT-SWM, developed by Stantec for use in the London Sanitary Sewer Servicing Study in 1996).
The RT-SWM model for the White Oak service area was imported into the XP-SWM model. Additional flow monitoring information, overflow location, population data and rainfall parameters were added to the extent possible to the original model when building the XP-SWMM file. Population and land use information was obtained from the City's ARCINFO/GIS database and was added to each model to the extent available for theoretical flow determination purposes. Model connectivity, calibration and verification was reaffirmed for the White Oak service area, and upgraded to the extent possible.
The model was then calibrated for each of the observed rainfall events, and then run for design storms to assess impacts on the trunk sewers where flooding occurred. Emphasis was placed on those areas where extensive flooding was concentrated, but if there was any indication that trunk sewer operations and/or surcharging was impacting isolated areas, these were also identified.
The calibrated model successfully predicted flooding in the areas affected, and showed even more significant surcharging when assessed for larger design rainfall events. Figure 3 shows the model hydraulic grade line for a design storm in an area where flooding occurred. The calibrated model was then used to evaluate various flow reduction, storage, or conveyance improvements to reduce flooding risk. All of this resulted in the identification of a number of strategic solutions, confirmed via a Schedule B Class Environmental Assessment (EA) and public consultation process. This included:
· Non-structural alternatives requiring at-source roof leader and/or weeping tile disconnection activities on a lot by lot basis, complete with related costs and benefits being identified; and · Structural works that could bring sewer surcharge levels to sewer obvert level for the most severe storm event for the year 2000 (equivalent to a 1:25 year storm). Figure 4 shows the Non-Structural/Structural alternatives identified, complete with their related costs vs. benefits. Both the non-structural and structural alternatives were debated extensively by the Task Force to confirm the political support that non-structural implementation would require. Notwithstanding our recommendation to proceed with non-structural alternatives, the City decided to proceed with structural alternatives in 2 of the 3 areas, with the third area currently under planning consideration. Risk of flooding if longer/larger storm occurs which fills storage. Room to provide added storage to address.
Yes

RESULTS
In the Gordon sanitary sewershed area, trunk sewer replacement and specialized hydrogen sulphide mitigation works and features are being implemented to address the generation and servicing problems that resulted in significant litigation and costs to the City. Also in the Gordon area, enlarged trunk sewer works were installed to address basement flooding and mitigate this to sewer obvert levels, while at the same time replacing aging infrastructure in an older portion of the City.
Specific to the work completed by Earth Tech, the solution for the White Oaks area involved the implementation of diversion sewers from the eastern and western portions of the White Oaks area (Ernest Avenue and Jalna Boulevard East trunk sewers), converging within White Oaks Park South into a large diameter storage facility. This outlets to the south to the sewer on Jalna Boulevard West that connects both the east and west portions of the White Oaks area together, traveling on to the Dingman PS for conveyance via the forcemain to the Gordon trunk sanitary sewer system (See Figure 5 ).
The proposed solution provided for the reduction of downstream peak sewage flows in those areas flooded, rerouting the peak sewage flows around these areas for eventual reconnection to the sewer system that serves these areas. Timing and the volume of sewage conveyed under various storm event conditions was critical to the performance of the facility. This was confirmed via hydraulic modeling using XP-SWMM.
For the purposes of design, a series of events were modeled, including both real storms and design events. The most critical event was the June 11, 2000 storm, which had caused widespread sewer back-ups and basement flooding throughout the area. Storage was optimized through an iterative process, with alternate diversion strategies and release rates from the storage assessed. Initially, the diversion rate for each trunk (Ernest and Jalna East), was set to utilize the existing conveyance capacity of the downstream sewers to the greatest degree possible, without surcharging the sewer. Each diversion rate had a volume of storage and a storage release rate associated with it, which would not surcharge the system downstream of the proposed storage. By iterating the model with trial diversion and release rates, the storage was optimized for the design events considered.
In essence, a stage/storage relationship was identified whereby the length of time the sewage traveled via the diversion sewers, within the storage facility and the outlet sewer, returning back to the main sewer, formed the basis of our solution.
Rather than utilize a large size single tank in the park area with extensive cleaning and odour mitigation requirements and pumping to outlet, a gravity-based solution was implemented using large diameter trunk sanitary sewers that were twinned to achieve the storage volume required (4300 cu.m.). This was confirmed via a cost vs. benefit assessment as part of the Class EA process.
For the dual pipe alternative, interconnecting pipes were added at a number of points to balance flows between the two 340 and 475 m long, 2550 mm diameter trunk sewers designed to achieve the storage volume required as confirmed through hydraulic modeling using XP-SWMM. Since flooding occurred only under extreme storm event conditions (i.e., 1:5 year event and above), the overall storage time under worst case conditions was 2 hours (as confirmed by hydraulic modeling under various storm event conditions), filled by sewage that was expected to be highly diluted.
Flow control into the diversion sewers from each of the two main trunk sanitary sewers serving east and west White Oaks (Ernest Avenue and Jalna East), was achieved using inlet weirs and orifices. An orifice in the control chamber was formed by a partially open gate to control downstream sewage flows to a safe level to prevent basement flooding in historic flood prone areas. These orifices allow sewage flows up to a 5 year storm event to pass through the existing sewers, with higher flows overtopping a weir into the diversion sewers. The weir was set low enough to minimize upstream backwater impacts and surcharging of the existing sewers. Orifice dimensions and weir height was again confirmed via hydraulic modeling under various storm event conditions. Figure 6 shows the configuration in place for the Ernest Avenue trunk sewer. Each inlet configuration was specifically designed for the east and west portions diverted, with the diversion sewers sized to accommodate the volumes to be conveyed and stored (600 mm diameter). In order to minimize maintenance for the diversion facility, the diversions were set so most rainfall events would not divert flows into storage. The head on the orifices in the diversion chambers for moderate storms was calculated, using an orifice equation that considers submergence of the orifice caused by normal flowing depths in the downstream sewers. At the diversion elevation, a long weir was constructed such that additional flows are diverted with little additional head on the orifice (and thus little additional flow to the downstream sewers), and such that the upstream sewers are not surcharged during large events. Figure 7 shows the configuration and typical calculations for the diversion chambers. A similar orifice, created via an adjustable gate, is located at the downstream end of the oversized diversion pipes.
Figure 7: Gate and Weir Configuration -Diversion Calculations
The diversion sewers lead to the 2550 mm diameter twinned trunk sewers that act as the storage facility (see Figure 8 ). These consist of standard circular pipe with gasketed joints specifically tested as part of construction to withstand 50 kpa of pressure. Installation of the work was expected to encounter significant groundwater thus joint infiltration had to be kept to an absolute minimum also. A typical gasketed joint system was hydraulically tested at the precast concrete pipe manufacturers plant by installing three pipe sections together in a vertical manner and filling the pipes with water to prove that the proposed gasketed joint could withstand the specified pressure without leaking. In addition, groundwater was expected to be greater than 600 mm above the crown of pipe. As a result, all incoming sewers were plugged and the dewatering system turned off and infiltration testing of the entire 2550 mm diameter storage system performed after the storage system was installed, in accordance with Ontario Provincial Standard Specification 410. A video inspection of the entire storage system was also undertaken to ensure that no joint leakage was evident. The potential for the accumulation of sediment and/or debris at the base of the storage sewers required the implementation of odour control measures via vented manhole chimneys with charcoal filter inserts, given the park area, recreational use above and two nearby schools. We expect they will require cleaning every other year. Since the storage will only be used for rare events, the sediment volume is not expected to be significant, and will be washed to the downstream sewers during semi-annual cleaning.
Both storage sewers converge to an outlet at the south end of White Oaks Park before moving through a chamber with an orifice leading to a 450/600 mm diameter outlet sewer along the Marr Drain to Jalna Blvd. to the south. See Figure 9 . A valve operated gate was provided to close off the facility completely to assist in reducing SSO's from the Dingman PS downstream into the creek, and assist in providing storage for a 1 day period to address any emergency repairs required to the Dingman forcemain. Gates in both of the diversion chambers on Ernest Avenue and Jalna Boulevard East can also be sealed off in the event of downstream flooding in the east and west (southern), portions of the White Oaks area.
As part of detailed design, the use of conventional circular sewer pipe, and box culverts with specialized joint systems confirmed with a local manufacturer, were both designed and tendered to achieve the best cost/benefit for the City of London. The successful contractor utilized standard circular sewer pipe.
The outlet works along the Marr Drain to Jalna Boulevard were completed in the fall of 2002, with the diversion and storage works completed in 2003. All infiltration testing and video inspection of the 2550 mm diameter storage system was completed in November 2003. The entire diversion/storage system has been operational since then. Flows in the diversion manholes on Ernest Avenue and Jalna Boulevard have been visually monitored during dry weather, and after any significant rainfall events since then. Based on this monitoring, the diversion gates on Ernest Avenue and Jalna Boulevard were set at final design elevation in December 2003 to pass events less than a 1:5 year storm, with the facility operating for events above.
Heavy rains occurred May 20 th to 24 th , 2004 equating to a 1:2 year storm event, but because of the long duration and saturation levels, the intensity reached 70% of the amount for the June 11 th , 2000 design event. Field measurements confirmed the storage facility was approximately half full as a result, later confirmed via hydraulic modeling. No basement flooding complaints were reported to the City of London as a result for the entire White Oaks area confirming the approach and solution implemented for the project.
DISCUSSION
Notwithstanding the extensive flow monitoring and modeling activities undertaken to determine the nature of flooding, cause and effect, our work like many other inflow/infiltration, basement flooding or SSO/CSO assessments, resulted in the identification of both at-source control and end of pipe alternatives. Although comparable costs vs. benefits of implementing non-structural alternatives vs. structural were identified, along with the City's serious consideration of the political will needed to implement non-structural alternatives, our work resulted in the implementation of end of pipe alternatives that could be seen and optimized to achieve a defined level of benefit, and provide protection to area residents.
The use of available storage volume in the facility was optimized significantly by making use of time to our advantage via diversion sewer routing and outletting. This expanded the storage concept from a single point to a conveyance system, where the time for sewage flows to travel through the facility allowed the storage volume required to decrease. The implementation of storage as an element of a conveyance system, as opposed to a simple storage tank, also resulted in reduced cleaning, odour and nuisance requirements in a sensitive residential and heavily-used park area.
CONCLUSIONS
Based on the success of this project, and its cost effective implementation ($3.5 M to provide 1:25 year protection to sewer systems serving 500+ ha and approximately 27,500 people in the City), the City is moving forward with the implementation of similar assessment confirmation, design and construction activities to address flooding in the Westminster area of the City. The intent is to again address basement flooding in this area, and further reduce SSO potential at the Dingman PS and proposed emergency storage requirements for the Dingman forcemain. Timing will again be utilized to minimize storage requirements, with a conveyance solution likely being implemented to minimize nuisance and odour concerns (subject to a Class EA undertaking and confirmation). A park area will also likely be used for the storage component.
The results of this work further emphasizes the need for flexible solutions to flooding mitigation and SSO reduction, that considers the wide range of options available and tailors these to the specific needs of a particular area or given situation. Many tools and a wide array of knowledge is needed to achieve this, and a complete understanding of a given situation to ensure successful implementation and the results expected.
